. Phasing type of sideband-separating mixer as used in the ALMA Band-3 and -6 SIS receivers. Abstract -As ALMA nears completion, 73 dual-polarization receivers have been delivered for each of Bands 3 (84-116 GHz) and 6 (211-275 GHz). The receivers use sideband-separating superconducting tunnel-junction (SIS) mixers, developed for ALMA to suppress atmospheric noise in the image band. The mixers were designed taking into account input return loss, dynamic range and signal-to-image conversion (which can degrade the image rejection). Results are given for typical production receivers.
he Superconductor-Insulator-Superconductor junction is now the preferred mixing element for low-noise heterodyne receivers at millimeter and submillimeter wavelengths. Early SIS mixers had the SIS junction suspended across a waveguide and one or more mechanical tuners to tune out the relatively large junction capacitance [1] , a configuration with limited instantaneous bandwidth and far from suitable for operation at remote sites in large numbers as required for the Atacama Large Millimeter/submillimeter Array (ALMA) [2] . The adaptation of photolithographic techniques from the semiconductor industry for use with Nb-based circuits has made possible the integration of tuning circuits with the SIS junctions to give relatively wideband operation, typically a 1.3:1 RF band and ~8 GHz IF bandwidth, without mechanical tuners [3] [4] [5] .
For spectral-line radio astronomy, the main focus of ALMA, atmospheric noise entering a DSB receiver in the unwanted image sideband adds substantially to the overall system noise, thereby degrading the sensitivity of the instrument. For the North American ALMA receivers, Band 3 (84-116 GHz) and Band 6 (211-275 GHz), sideband-separating SIS mixers of the phasing type [6] , as depicted in Fig. 1 , are used.
II. DESIGN OF THE ELEMENTAL SIS MIXERS
The quantum theory of SIS mixers, published in 1983 and 1985 by Tucker and Feldman [7] [8], has been the basis for all subsequent SIS mixer design. Under typical operating conditions, for an SIS junction with normal resistance R N , an optimum RF source impedance, based on the Tucker theory, is given by the where eV g is its superconducting energy gap, h is Planck's constant and f LO is the local oscillator frequency. Fig. 2 shows how the characteristics of a typical SIS mixer depend on the RF source impedance, mapped onto a Smith chart normalized to R opt . It is evident that the output impedance of the SIS mixer is negative when the source impedance lies in much of the upper half of the Smith chart, and that the maximum conversion gain of the mixer occurs in the region of negative output resistance. The implications of negative output resistance in designing SIS mixer circuits are discussed in [10] . To optimize the overall receiver noise, it can be appropriate to operate an SIS mixer in the region of high output resistance, positive or negative. To avoid a large input (RF) mismatch, and even negative RF input resistance, the IF load impedance should not be large. We have found that an IF load equal to the optimum RF source resistance R opt is a good compromise. This also results in acceptable signalto-image conversion. The signal-to-image conversion gain, G SI , is particularly important in sideband-separating receivers because signal power converted to the image frequency and then partially reflected by any mismatched components in the input circuit, such as an imperfect OMT or feed horn, will appear at IF as a spurious image frequency signal. A wide IF bandwidth requires the inductance in the IF circuit to be minimized. This is achieved using the configuration described in [4] in which the IF current bypasses the waveguide coupling circuit. The mixer circuit is coupled to a full-height waveguide by a full-band suspended-stripline probe [11] .
The Band-3 and -6 SIS mixers have four SIS junctions in series and an optimum source resistance near 50 ohms which is a convenient impedance level for coupling to the waveguide probe and allows direct connection to a 50-ohm IF amplifier. The use of a series array of N junctions in an SIS mixer has two advantages compared with a single junction. For the same overall impedance level, the individual junctions of the array are larger, which makes them easier to fabricate consistently. Also, the dynamic range (saturation power) of an SIS mixer, which depends on N 2 f 2 [12] [13], is greater; this is particularly important for the ALMA receivers.
The on-chip RF circuit of the Band-6 mixer is shown in Fig. 3 . At the left is a capacitively-loaded CPW line from the waveguide probe, connected to a parallel pair of L||C broadbanding resonators, the series array of four SIS junctions, a tuning capacitor C A and, at the right, the end of the RF choke. The Band-3 circuit is similar except that the two resonators consist of simple quarter-wave microstrip stubs. The SIS mixer chips were fabricated on fused quartz at the University of Virginia Microfabrication Laboratory between 2003 and 2008 using their then standard Nb/Al-oxide/Nb trilayer junction process [14] .
Equivalent circuits of the different sections of the RF circuit were individually modeled using Sonnet em [15] . Using these models, the complete RF circuit was optimized using the microwave circuit simulator MMICADv2 [16] . Fig. 4 shows the embedding impedance seen by the junctions in the Band-6 mixer over the RF band, and also at low frequencies up to 150 GHz, with the IF port of the mixer substrate terminated in Z IF = 50 ohms. It is evident that the impedance is well behaved and less than 50 ohms over the extended IF band. This is important for maintaining stability of the mixer as explained in [10] .
III. THE SIDEBAND-SEPARATING MIXERS
For Band 3 (84-116 GHz), separate DSB mixer blocks are attached to a split-block waveguide module containing the RF hybrid and LO couplers, and external 4-8 GHz cryogenic IF isolators are used [17] . For Band 6 (211-275 GHz), the complete sideband-separating mixer [18] is an E-plane split block assembly with two gain-and phase-matched 4-12 GHz IF preamplifiers [19] attached directly to the mixer block so IF Fig. 6 . One half of the Band-6 mixer, including the waveguide branchline hybrid, LO power divider and LO couplers with their fourth-port terminations, and the image termination. The RF signal enters through a waveguide perpendicular to the page in the upper part of the picture and the LO enters through a similar waveguide in the lower part of the mating half of the block. 
IV. MEASUREMENT OF THE MIXERS
The noise temperature and gain of the mixer-preamps were measured using room temperature and liquid nitrogen loads placed in front of the vacuum window of a test Dewar. The measured SSB noise temperature, gain, and image rejection of typical Band-3 and -6 mixer-preamps are shown in Figs. 9 and 10. The LO was tuned in 4 GHz increments, and at each LO frequency the mixer-preamp was measured across the IF band in 100 MHZ steps. The results in Figs. 9 and 10 include the contributions of the RF (quasi-optical) vacuum window, infrared filter, and cold optics in the Dewar.
CONCLUSION
A total of 146 sideband-separating mixers in each of Bands 3 and 6 have been delivered to ALMA in 73 dual-polarized cartridges. During the production period, cryogenic tests were done on 293 Band-3 mixer assemblies and 780 Band-6 mixer-preamps. All SIS mixer chips for Bands 3 and 6 were made at the University of Virginia Microfabrication Laboratory. Fig. 10 . Measured SSB noise temperature, gain, and image rejection, for a typical Band-6 mixer-preamp. The LO was stepped from 221 to 265 GHz in 4 GHz increments at each of which the mixers were measured from over 4-12 GHz IF in 100 MHZ increments. Fig. 9 . Measured SSB noise temperature, gain, and image rejection, for a typical Band-3 mixer-preamp. The LO was stepped from 92 to 108 GHz in 4 GHz increments at each of which the mixers were measured from over 4-8 GHz IF in 100 MHZ increments.
